amylolyticus NRRL NRS-290 T (4.3 %), between strain B22a T and P. amylolyticus NRRL NRS-290 T (48.8 %) and between strain A10b T and strain B22a T (11.0 %) were below those recommended by the ad hoc committee for those belonging to the same species. Significant phenotypic features that differentiate these novel strains from P. amylolyticus included their inability to utilize L-arabinose and ability to utilize glycogen as sole carbon sources. Unlike strains 1B4a and B22a T , strains A6a and A10b T produced ethanol as an end product of glucose fermentation, utilized acetic acid and 2,3-butanediol and did not utilize D-gluconic acid. MK-7 was the major isoprenoid quinone and anteiso-C 15 : 0 was the most abundant fatty acid for strains A10b T and B22a
T . On the basis of these results, strains A10b T and B22a T are each considered to represent a novel species of the genus Paenibacillus, for which the names Paenibacillus tundrae sp. nov. and Paenibacillus xylanexedens sp. nov. are proposed, respectively. The type strain of Paenibacillus tundrae sp. nov. is A10b T (5NRRL B-51094 T 5DSM 21291 T ). The type strain of Paenibacillus xylanexedens sp. nov. is B22a T (5NRRL B-51090 T 5DSM 21292 T ).
The genus Paenibacillus consists of aerobic or facultatively anaerobic, rod-shaped, endospore-forming bacteria. Several species in this genus possess enzymes capable of degrading plant cell-wall material such as xylan (e.g. Morales et al., 1995; Park et al., 2007; Rivas et al., 2005) , which is an important step in the decomposition of plantderived organic matter in soils. Most species of Paenibacillus that possess polysaccharide-hydrolysing enzymes have been isolated from habitats at low-to midlatitudes. Unique species of Paenibacillus that are adapted to generally cold and wet conditions may exist in soils from high-latitude regions such as the Arctic. To improve knowledge of the micro-organisms capable of degrading plant-derived organic matter in high-latitude regions, here we report the isolation and characterization of eight xylandegrading strains in the genus Paenibacillus. Two of the strains are identified as representing novel species in the genus Paenibacillus on the basis of 16S rRNA gene sequences, repetitive elements genotyping, DNA G+C content, DNA-DNA hybridization, chemotaxonomic characteristics and phenotypic properties.
Soil samples were collected from organic horizons beneath moist non-acidic tundra and moist acidic tundra in the Arctic Foothills of Alaska, located between the Arctic Coastal Plain and the northern foot slopes of the Brooks Range (69 u 159 580 N 148 u 229 400 W). The mean annual soil temperature of the Arctic Foothills ranges from 27 to 25 uC, the mean annual precipitation is 140-270 mm with 40 % falling as snow (Haugen, 1982) and the typical pH values of the moist non-acidic tundra and moist acidic tundra are pH 6.7-7.2 and pH 4.3-6.0, respectively (Ping et al., 2005) .
Approximately 0.5 g of soil was vortexed in 12 ml sterile PBS and 200 ml of the supernatant was spread on minimal medium plates containing oat-spelt xylan [l
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: 5 g oat-spelt xylan, 0.25 g tryptone, 50 ml mineral solution (l T were isolated from soils beneath moist acidic tundra and the remaining strains were isolated from soils beneath moist non-acidic tundra.
Genomic DNA was extracted from each strain using a Microbial DNA Isolation kit (Mo Bio Laboratories). Amplification, cloning and sequencing of 16S rRNA genes followed standard methods (Cann et al., 2001 ) using the universal bacterial primers 27F and 1492R. Fingerprints of genomic DNA were obtained by PCR amplification of enterobacterial repetitive intergenic consensus (ERIC) sequences and repetitive extragenic palindromic (REP) elements (Versalovic et al., 1991) . For DNA-DNA hybridization analyses, DNA was isolated using a French pressure cell (Thermo Spectronic) and purified by chromatography on hydroxyapatite (Cashion et al., 1977) . DNA-DNA hybridization was carried out as described by De Ley et al. (1970) with modifications described by Huß et al. (1983) . DNA-DNA relatedness among strains A10b T , B22a
T and Paenibacillus amylolyticus NRRL NRS-290 T was determined in 26SSC at 68 u C. For DNA G+C content assays, cells were grown with shaking for 2 days in 300 ml tryptone-glucose-yeast extract broth at 28 u C and harvested by centrifugation. In the last step of purification, the DNA was eluted into 16SSC (0.15 M NaCl and 0.015 M Na 3 C 6 H 5 O 7 ). The G+C content of the DNA was calculated from the T m value by using the method of Marmur & Doty (1962) , determined using a Lambda 40 UV/visible spectrophotometer (PerkinElmer).
Routine examination of the strains was carried out using a Nikon Eclipse E400 microscope. Detailed morphology was examined by TEM of negatively stained cells and ultrathin sections. For TEM, cells were fixed in Karnovsky's fixative and treated with 2 % (w/v) glutaraldehyde and dehydrated with ethanol, and acetonitrile was used as the transition fluid between ethanol and the final embedding in Epon Lx112 epoxy resin. The thin sections were stained with uranyl acetate and lead citrate and were examined using a Hitachi H600 Transmission Electron Microscope. For negative staining, a carbon-coated Formvar grid was suspended on a drop of the specimen sample. The grid was then placed on a drop of 2 % (w/v) ammonium molybdate (pH 6.2), dried for 15 min and then observed by TEM. Assessment of phenotypic characteristics followed Lányí (1987) . The optimum pH and temperature for growth were determined in YED broth (Rivas et al., 2006) . Growth rates at 23 u C were measured between pH 4.8 and 8.8 in increments of 0.3-0.4 pH units using a citrate-phosphate buffer for pH 4.8-5.5, phosphate buffer for pH 5.7-7.7 and Tris/HCl buffer for pH 8.0-8.8. Growth rates were determined at 13, 18, 23, 27, 32, 37 and 40 u C using the optimum pH that was determined for each isolate. The ability of each isolate to utilize 95 potential carbon sources was determined using Biolog GP2 MicroPlates according to the manufacturer's instructions. The isolates were grown anaerobically in YED medium to determine the end products of fermentation with glucose as the carbon source. Gas composition was analysed using a gas chromatograph as in Cann et al. (2001) . Quinone analysis followed Komagata & Suzuki (1987) and Fujie et al. (1998) . Whole-cell fatty acids were analysed as described by Pirttijärvi et al. (1996) .
Comparison of nearly complete 16S rRNA gene sequences of the strains with those in GenBank indicated that the strains were phylogenetically related to members of the genus Paenibacillus. The sequences were aligned with those of other Paenibacillus type strains with CLUSTALW (Thompson et al., 1994) , evolutionary distances were calculated using the method of Kimura (1980) and phylogenetic trees were inferred using the neighbourjoining (Saitou & Nei, 1987) and the maximum-parsimony (Nei & Kumar, 2000) methods with MEGA version 3.1 software package (Kumar et al., 2004) . The eight strains displayed highest levels of 16S rRNA gene sequence similarity with P. amylolyticus NRRL NRS-290 T (98.9-99.1 %) and Paenibacillus pabuli NCIMB 12781 T (97.7-97.8 %). Phylogenetic trees constructed using the neighbour-joining and maximum-parsimony methods were concordant with one another (Fig. 1 and Supplementary  Fig. S1 , available in IJSEM Online). All eight strains formed a well-supported cluster (I) with P. amylolyticus NRRL NRS-290 T (Fig. 1) , which was consistent with the higher sequence similarities between the strains and P. amylolyticus NRRL T rather than between the strains and P. pabuli NCIMB 12781
T . Within cluster I were two subclusters (A and B) and one branch (C) containing a single strain (Fig. 1) . Sequences in subcluster A were more closely related to P. amylolyticus NRRL NRS-290 T than those in B or C. The only strains that formed highly coherent phylogenetic clusters based on 16S rRNA genes were A10b
T and A6a (99.7 % sequence similarity) and 1B4a and B22a
T (100 % sequence similarity).
Cells of P. amylolyticus NRRL NRS-290 T (Nakamura, 1984; Shida et al., 1997) were obtained from the Agricultural Research Service Culture Collection (Peoria, Illinois) for comparison with our strains. The DNA G+C content of P. amylolyticus NRRL NRS-290 T was obtained from the literature, but all other phenotypic properties of P. amylolyticus NRRL NRS-290 T were determined as part of this study. The strains that formed highly coherent phylogenetic clusters based on 16S rRNA genes (A10b T and A6a, 1B4a and B22a T ; Fig. 1 ) also clustered together on the basis of ERIC and REP element fingerprints (Fig. 2) , suggesting that their genomic contents are more similar to each other than to the other strains, including P. amylolyticus NRRL NRS-290
T . DNA-DNA hybridization was performed to examine whether the strains with highly coherent phylogenetic clusters represent species that are distinct from each other and P. T , A6a and B21a had higher DNA G+C contents (50.3, 49.7 and 49.3 mol%, respectively).
The isolated strains were rod-shaped and motile via peritrichous flagella. Colonies of the isolates were opaque on xylan minimal medium and their ability to degrade xylan was verified by Congo red staining (Teather & Wood, 1982) . The cells were approximately 0.562.5 mm (width by length) in size (Fig. 3) . Each strain exhibited anaerobic growth and oval spores, and each was catalase-positive, oxidase-negative and able to reduce nitrate to nitrite. The optimum pH for growth for the isolates ranged between 6.0 and 7.2 (Table 1 ). The optimum growth temperatures for the isolates (23-27 u C) were slightly lower than for P. amylolyticus NRRL NRS-290 T (27-32 u C) and the optimum growth temperatures for strains 1B4a and B22a T were slightly lower than those for strains A10b T and A6a (Table 1) .
Each isolate and P. amylolyticus NRRL NRS-290 T showed the same carbon utilization pattern for 70 carbon sources (Table 1) , the utilization patterns for the remaining 25 carbon sources being different. For example, all of the Fig. 2 . Fingerprints of genomic DNA using primers targeting (a) ERIC and (b) REP sequences. Bands were scored as present or absent and the profiles were analysed using the Bionumerics (Applied Maths) software. Cluster analysis was used to investigate sample banding patterns. Dendrograms were generated based on the UPGMA algorithm using the Dice coefficient with a 1 % tolerance limit. Scale bar, similarity of banding patterns (%). The same clustering patterns were observed for different fingerprints of each isolate processed and analysed independently. Acetic acid Shida et al. (1997) .
strains were distinguishable from P. amylolyticus NRRL NRS-290 T because of their ability to utilize glycogen and all but one of the strains (B21a) lacked the ability to utilize L-arabinose, a trait possessed by P. amylolyticus NRRL NRS-290 T . These results indicate heterogeneity in substrate use between the strains. The strains also varied in their end products of glucose fermentation. For example, whereas most strains produced either acetone or acetic acid, strain B3a and P. amylolyticus NRRL NRS-290 T produced both. Nevertheless, there exist some consistencies in resource use and end-product production with the phylogenetic relationships indicated above. For example, strains A10b
T and A6a are distinguishable from P. amylolyticus NRRL NRS-290 T based on their ability to utilize glycogen and uridine and inability to utilize L-arabinose and D-gluconic acid. Whereas 1B4a and B22a
T did not produce ethanol as an end product of glucose fermentation, the remaining strains, including P. amylolyticus NRRL NRS-290 T , did produce ethanol (Table 1) .
MK-7 was the major respiratory isoprenoid quinone of strains B22a
T , 1B4a, A6a, A10b T and P. amylolyticus NRRL NRS-290
T . In addition, representatives from each of the highly coherent phylogenetic clusters (A10b T and B22a T ) possessed anteiso-C 15 : 0 as the most abundant fatty acid (Table 2) . These chemotaxonomic characteristics are in agreement with the phylogenetic placement of the strains in the genus Paenibacillus (Shida et al., 1997) .
To summarize, phylogenetic analysis based on 16S rRNA gene sequences, repetitive elements genotyping, DNA-DNA hybridization, DNA G+C content and chemotaxonomic and phenotypic properties revealed that the isolated strains are members of the genus Paenibacillus. Furthermore, at least two of the strains, A10b
T and B22a T , represent novel species of the genus Paenibacillus, for which the names Paenibacillus tundrae sp. nov. and Paenibacillus xylanexedens sp. nov., respectively, are proposed.
Description of Paenibacillus tundrae sp. nov.
Paenibacillus tundrae (tun9drae. N.L. gen. fem. n. tundrae from the tundra, a biome in northern North America and Eurasia).
Cells are motile rods that grow aerobically or anaerobically. Catalase-positive. Oxidase-negative. Reduces nitrate to nitrite. Peritrichous flagella are present. Optimum temperature for growth is 27 u C (range 13-37 u C) and the optimum pH for growth is 6.4 (range 5.2-8.8). End products of glucose fermentation are ethanol and acetic acid. MK-7 is the major isoprenoid quinone and anteiso- 
